Aim: Thoracoscopic repair (TR) of esophageal atresia with tracheoesophageal fistula (EA/TEF) remains a considerable challenge, even for the most experienced pediatric surgeons. The aim of this study is to report the outcomes of our experience with TR of EA/TEF and to determine the learning curve for this procedure.
Introduction
Thoracoscopic repair (TR) of esophageal atresia with tracheoesophageal fistula (EA/TEF) was first performed in 2000 (1) . Since then, there have been many reports describing the operative techniques and outcomes of TR of EA/TEF. It was recently reported by several large series and a meta-analysis that the outcomes are similar or superior to those of open thoracotomy, particularly with regard to avoiding the musculoskeletal morbidity associated with that technique (2) (3) (4) . TR of EA/TEF, however, remains rather challenging, even for the most experienced pediatric surgeons because the number of procedures performed by individual practitioners is limited. Given that an endoscopic procedure of such complexity requires a great deal of trial and error before it can be performed without issue, reports on early trials may provide crucial knowledge to surgeons who are going to start performing the procedure. The aim of this study is to report the outcomes of our experience and to determine the learning curve for TR of EA/TEF.
Materials and Methods
At our institutes, we performed the first case of TR of EA/TEF in 2003. We have since used the thoracoscopic approach in select cases. Our exclusion criteria include major coexisting anomalies, low birth weight (<2 kg), and an unstable general condition. Because of the wide range of operative techniques applied and patients' clinical courses, infants who had esophageal atresia (EA) without tracheoesophageal fistula (TEF) were also excluded from this study. Medical charts were reviewed retrospectively. Outcomes examined included associated anomalies, birth weight, age at operation, operation method (number of ports, use of single-lung ventilation), gap between the proximal and distal esophagus, and operative time. The gap was measured using intraoperative videos. Complications included mortality, open conversion, anastomotic leakage, anastomotic stricture requiring dilatation, gastroesophageal reflux requiring fundoplication, tracheomalacia requiring aortopexy, and recurrence of TEF. To determine the learning curve of TR of EA/TEF, a logarithmic curve-fitting analysis was performed using the DeltaGraph ver. 5.5.5ia J software program (Red Rock Software, Salt Lake City, USA). The data were expressed as medians with ranges.
This retrospective study was approved by the institutional review board of Osaka University Hospital (#17004).
Operative method
The operation was uniformly performed via an intrapleural approach with the patient in the 30°to 45°prone position. Preoperative bronchoscopy was routinely performed in our institutes. Single-lung ventilation using a bronchial blocker was attempted in the first seven cases, but it was not in the last four cases. Three or four ports were used in each case. After the first 3-mm trocar was inserted just below the tip of the right scapula, artificial pneumothorax was established at 4-6 mmHg by CO2 insufflation to collapse the right lung. A 3-mm 30°telescope was inserted, and two additional instrument ports were placed to achieve a 90°angle at the presumed site of the anastomosis. The upper port was 5 mm to allow for the introduction of a clip applier and suture needles. The lower port was 3 mm in size and placed one or two intercostal spaces below and slightly posterior to the camera port. A fourth port was occasionally placed either higher or lower in the thoracic cavity to help retract the lung (Figure 1a ). Once pneumothorax was established, the visceral pleura of the posterior mediastinum was incised. The azygos vein was divided using a vessel-sealing system. The TEF was occluded with two surgical clips ( Figure 1b ). The proximal esophageal pouch was identified and dissected from the trachea up to the thoracic inlet. Anastomosis was performed using the extracorporeal knot-tying technique with 5-0 monofilament absorbable sutures ( Figure 1c) . A transanastomotic tube was placed routinely after completion of the posterior wall anastomosis (Figure 1d ). In cases of a long gap, more extensive dissection was performed up to the neck region to enable primary anastomosis. After anastomosis was completed, a chest tube was placed routinely, but gastrostomy was not placed routinely. Patients were left intubated and paralyzed for 2-4 days postoperatively depending on the tension of the anastomotic site.
Results
A total of 11 neonates who had undergone TR of EA/TEF were included in this study. In all cases, TR was performed or supervised by a single surgeon. The major associated anomalies were Treacher Collins syndrome in one, coarctation of the aorta with ventricular septal defect in two, congenital duodenal stenosis in one, and congenital esophageal stenosis in one. Table 1 shows the patients' records in chronological order. The median age at operation was 1 day (range, 1-3 days). The median birth weight was 2.8 kg (range, 2.5-3.7 kg). While four ports were used in the first six cases, TR was completed using three ports in the last five cases. Single-lung ventilation was attempted in the first seven cases with limited success, but it was not attempted in the last four cases. (Figure 2 ). TR was completed in all cases without any intraoperative complications. Table 2 shows the incidence of postoperative complications. There were no mortalities or no anastomotic leakage. One patient with a long gap required repeated balloon dilatation for refractory anastomotic stricture.
There was no chylothorax. Two patients required fundoplication for gastroesophageal reflux. No patient required aortopexy for tracheomalacia. No recurrent TEF occurred.
Discussion
For all types of surgery, a learning curve exists before the surgeon is able to acquire the adequate skills and experience. This learning curve is more evident for highly advanced endoscopic procedures, such as TR of EA/TEF, even for the most experienced endoscopic surgeons (5,6). However, there have been few reports regarding the learning curve for TR of EA/TEF. Lee et al. reported that the mean operative time was significantly longer in the first 13 cases in their series than in the later 9 cases; they also found that leakage and stenosis occurred less frequently in the later cases than in the earlier cases (7). Hiradfar et al. reported that the open conversion rate decreased from 58.3% to 35.7% after the first 10 cases during the learning curve period (8) . Van Long gap >20 mm. Figure 2 After the exclusion of the cases with a long gap, the relationship between the operative time (op. time) and the consecutive case number fit a logarithmic function curve well (operative time in minutes = 300 À 62 × log (case number), R 2 = 0.8359, P = 0.0015). (5) . The mean operative time remained relatively unchanged, although they claimed that this was because cases in the later part of their series were performed by junior staff members who were less experienced in the procedure.
Thoracoscopic esophageal atresia repair
Upon a retrospective review of our experience, the operative time was found to be significantly longer in patients with a long gap than in those without a long gap, although there was no conversion to open surgery. Kanojia et al. stated that long-gap atresia with a gap greater than the vertebral length was difficult to handle when creating an anastomosis (9). Nguyen et al. also reported that long gap defects require more extensive dissection and difficult anastomosis, and are therefore associated with longer operative times (10). Our results were comparable with these reports. In the three cases with a long gap, the combination of an extensive dissection and difficult anastomosis resulted in a longer operative time. Specific esophageal elongation procedures, such as Livaditis and Foker procedures, were not performed in this series. When the three cases of long gap were excluded, we were able to observe a steady decline in operative time, although there was no change in postoperative complications. Our analysis clearly showed a learning curve that fit a logarithmic function curve well, which seems to be reasonable for the learning curve analysis for all other types of surgical skills. Nachulewicz et al. reported that the learning curve was obviously visible in eight successive cases, although the duration of the operation did not diminish markedly (11). Lee et al. also showed that the initial period of the learning curve was evident in their earlier 13 cases of thoracoscopic EA/TEF repair (7) . Although the number of patients in the present study did not seem sufficient for a learning curve analysis, our results were comparable with their previous reports.
The longer operative time in the early stage may be due to earlier problems encountered because of a lack of experience in the optimal placement of trocars, the surgeon's lack of familiarity with the procedure, and difficulties in anesthetic management. Therefore, sharing the initial experience through a single surgeon's supervision may help rapidly reduce the operative time for subsequent procedures. Overall, there were no mortalities and no conversions to open thoracotomy in our series. The incidence of anastomosis stricture requiring dilatation in our series was 9% (1/11), which is less frequent than in previous reports in larger series (3, 12, 13) . None of our 11 cases experienced any recurrence of TEF. As we routinely used surgical clips in all of our cases, the method of fistula closure may not influence the incidence of TEF recurrence.
Our results suggest that TR of EA/TEF is feasible and safe with considerable superiority to conventional open thoracotomy. However, there is a learning curve and achieving acceptable results requires advanced endoscopic surgical skill.
In conclusion, there is a considerable learning curve within initial experiences performing TR of EA/TEF. Because of this learning curve, less experienced surgeons should perform the procedure under the guidance of an experienced endoscopic surgeon. 
